ABSTRACT: The silicon drift detectors are at the basis of the instrumentation aboard the Large Observatory For x-ray Timing (LOFT) satellite mission, which underwent a three year assessment phase within the "Cosmic Vision 2015 -2025" long-term science plan of the European Space Agency. Silicon detectors are especially sensitive to the displacement damage, produced by the non ionising energy losses of charged and neutral particles, leading to an increase of the device leakage current and thus worsening the spectral resolution. During the LOFT assessment phase, we irradiated two silicon drift detectors with a proton beam at the Proton Irradiation Facility in the accelerator of the Paul Scherrer Institute and we measured the increase in leakage current. In this paper we report the results of the irradiation and we discuss the impact of the radiation damage on the LOFT scientific performance.
Introduction
Silicon Drift Detectors (SDDs) are solid-state devices proposed in the mid-1980s as high resolution position-sensitive detectors for fast ionizing particles and for spectroscopy of X-rays [1, 2] . Currently, 260 large area SDDs are employed to measure the trajectory of charged particles in the Inner Tracking System of the ALICE detector at the CERN Large Hadron Collider (LHC), as reported for example in ref. [3] .
SDDs are the sensors chosen for the two instruments aboard the Large Observatory For x-ray Timing (LOFT, see ref. [4] and references therein): the Large Area Detector (LAD) and the Wide Field Monitor (WFM). The LAD is a collimated instrument for X-ray timing with the unprecedented geometric area of ∼ 15 m 2 , corresponding to an effective area of ∼ 10 m 2 at an energy of 8 keV, a field of view of ∼ 1 • and a spectral resolution of ∼ 240 eV Full-Width at Half Maximum (FWHM) at 6 keV (see ref. [5] for more details). The effective area of the LAD is ∼ 15 times larger than its predecessor, the Proportional Counter Array aboard the Rossi X-ray Timing Explorer satellite mission [6] . The WFM is an X-ray monitor based on the coded aperture imaging technique and is composed of five independent units, each one made of two co-aligned cameras, with an instantaneous field of view of ∼ 4.1 sr. The WFM can simultaneously observe about one third of the sky with an angular resolution of ∼ 5 arcmin and a location accuracy of ∼ 1 arcmin for point sources (see ref. [7] for further information). A sketch of the LOFT payload with the position of the main subsystems is shown in figure 1 . Silicon drift is one of the enabling technologies for LOFT because it allows the production of detector tiles with simultaneously a geometric surface larger than ∼ 70 cm 2 [8] , providing for the coverage of the LOFT geometric area with a relatively small number of units, together with a spectral resolution of ∼ 200 -250 eV FWHM for X-rays, and a collection time of ∼ 5 µs [9] . The SDDs for LOFT are developed in collaboration with the Fondazione Bruno Kessler 1 (FBK) at Trento (Italy) under the XDXL and ReDSoX 2 programs of research and development of the Italian Istituto Nazionale di Fisica Nucleare (INFN). The development programs started from the original design of the ALICE SDD sensors [8] and aim at: (i) increasing the quantum efficiency for X-rays (at high energy by increasing the detector thickness and at low energy by reducing the thickness of the passive layers on top of the silicon bulk); (ii) modifying the passivation and metallisation layers on the surface to minimise the detector sensitivity to the environmental conditions; (iii) reducing the leakage current in order to improve the spectral resolution.
LOFT is one of the five satellite-borne missions selected by the European Space Agency 3 (ESA) in 2011 for a three-year Assessment Phase study within the long-term science program "Cosmic Vision 2015 -2025". As detailed in the Yellow Book 4 , the key scientific objectives of LOFT can be grouped in three main topics: determine the equation of state of cold ultra-dense matter in neutron stars, measure the effects of strong field gravity down to a few gravitational radii around black holes and neutron stars, and perform with the LAD spectral and timing observations of a wide variety of X-ray sources. The second objective in the list will be accomplished through the LAD observation of relativistically broadened and skewed profiles of spectral lines (e.g. iron K α ) in the flux of X-ray binary systems and active galactic nuclei [4] . The goal is the accurate measurement of the broad line parameters to derive the black hole spin. Similar observations require a spectral resolution of ∼ 250 eV FWHM in order to measure the variation of the shape of the spectral lines and disentangle all different emission and absorption contributions that may be present in the iron K band (3 -8 keV).
The other instrument aboard LOFT is the WFM, a coded aperture imager devoted to monitoring the highly variable X-ray sky accessible to the LAD, and eventually to trigger repointings of the satellite to observe transient objects, newly discovered targets and interesting states of known sources. The electronic noise of the detectors and the read-out electronics affects both the imaging capabilities and the spectral resolution of the WFM.
The spectral resolution of the LOFT instrumentation depends on the electronic noise of the system composed of the detector and Front-End Electronic (FEE). In particular, due to the FEE design of the LAD and WFM, the leakage current of the detector bulk represents the parallel component of the electronic noise (see ref. [10] for a general discussion and ref. [11] for the application to the SDDs). It is known from previous studies that the leakage current of semiconductors increases due to the radiation damage of charged and neutral particles in orbit [12] , and this effect is expected to worsen the spectral resolution of the LOFT instrumentation. The selection of the SDDs for a satellite mission motivated us to study the variation of the detectors scientific performance when exposed to the space environment and to define proper mitigation strategies.
The LOFT mission has a baseline duration of 4.25 years, three months of which represent the Commissioning Phase. Most of the other mission parameters have been selected in order to reduce the radiation damage of the SDDs [4] . For example, the baseline orbit selected during the industrial study is a circular and Equatorial low-Earth orbit with an altitude of 550 km and an inclination of 0 • . The relevant baseline parameters of the LOFT mission are collected in table 1 and some of them are discussed in section 3.
In this paper we report about the measurement of the effect of the displacement damage on the SDDs in the LOFT context. After describing the basic mechanisms of the radiation damage on the SDDs in section 2, we briefly give in section 3 the context of the radiation environment for the LOFT mission. In section 4 we describe the irradiation strategy and the experimental set-up at the accelerator, and in section 5 we report the results of the measurements. We discuss our findings and draw our conclusions in section 6. 
Displacement damage in silicon detectors
The interaction of charged and neutral particles in detectors and electronic devices aboard satellite instrumentation can produce different types of radiation damage. The displacement damage and the Total Ionising Dose (TID) increase the detector leakage current: the displacement damage affects the bulk component while the TID influences the surface current. Consequently, both effects are expected to worsen the spectral resolution of the detector. At the LOFT equatorial Low-Earth orbit, we estimate that a small TID is expected, of the order of 1 -2 krad, while the displacement damage can significantly increase the leakage current of the SDDs, as will be clarified in this section. Due to the limited amount of irradiation experienced by the LOFT SDDs, there will be a negligible effect on the bulk doping concentration [12] that is estimated to be of the order of few ppm. As a consequence, the detector full depletion voltage will not change appreciably. The main concern is related to the increase of the leakage current because it will degrade the energy resolution and could have an impact on the scientific performance of the SDD. Also the charge collection efficiency is affected by the radiation damage. However, as reported in a forthcoming article, it will have no significant impact on the detector performance. For these reasons, in the following we will address only the damage related leakage current degradation.
Increment of leakage current
The development of tracking experiments for high energy charged particles at the CERN LHC required the study of the modifications produced by a large fluence of such particles in the detector materials, especially silicon. A large number of articles have then been published on this topic and the interested reader can find a comprehensive review, e.g. by the RD48 (ROSE) collaboration [12] .
Charged and neutral particles interacting in a semiconductor detector produce displacement damage in the lattice, thus increasing the bulk leakage current. The increment ∆I of the bulk leakage current is given by [13] 
where Φ eq is the particle fluence incident on the device and rescaled to the equivalent effect of 1 MeV neutrons, V is the detector volume in which the leakage current is measured and α is a coefficient of proportionality measured in dedicated tests, also known as the "current related damage rate" [14] . The increase ∆I is independent of the type of silicon material that is used, high or low resistivity, n-or p-type, high or low concentration of carbon and oxygen impurities, as specified in ref. [15] .
To minimise the leakage current, the LOFT detectors will operate at low temperature, thus we make the conservative assumption that only a negligible amount of annealing takes place in orbit. For this reason in eq. (2.1) we use the value α = 11.1 × 10 −17 A cm −1 , measured in ref. [13] at a temperature of −50 • C. With this value the expected increase of leakage current is normalised at a measurement temperature of 20 • C. All the current measurements reported in this article follow this normalization.
NIEL scaling hypothesis and hardness factors
Apart from the proportionality to the fluence described in eq. (2.1), the calculation of the displacement damage is based on the hypothesis that the damage is linearly dependent on the Non-Ionizing Energy Loss (NIEL), regardless of the particle type (NIEL scaling hypothesis). Usually the damage produced by a particle ξ is related to a reference value, that of 1 MeV neutrons (D n (1 MeV ) = 95 MeV mb), by introducing a hardness factor κ ξ (E)
The values of κ(E) for various particles and energies are reported in literature (see e.g. ref. [10, 16] ; see ref. [17] for neutrons, protons and pions, ref. [18] for neutrons, and ref. [19] for protons and pions). A plot with the comparison of the κ(E) factor for protons, neutrons and electrons at typical energies of particles in orbit is shown in figure 2 , with data from ref. [16] 5 . Combining eq. (2.1) and (2.2), for the ξ -type particles the equivalent fluence Φ eq in eq. (2.1) is given by the product of the particle fluence Φ ξ times the hardness factor κ ξ (E). Consequently, the current increment is given by
As shown in figure 2 , for the energy range of the most abundant particles in Equatorial low-Earth orbit the NIEL from protons is highly dominant over neutrons and electrons. In fact, the integral flux of electrons, for example at an altitude of 600 km and an inclination of 5 • , is comparable with protons only for energies around 1 MeV and rapidly decreases above ∼ 5 MeV, but the κ(E) factor of electrons in this energy range is more than three orders of magnitude lower than protons. One of the components of the radiation environment experienced by satellites in a low-Earth orbit is represented by the albedo neutrons produced in the interaction of the galactic and solar cosmic rays with the atmosphere. This phenomenon is influenced by the Earth magnetic field: a particle can reach a given point within the magnetosphere only if its momentum cp normalized to its electric charge q (called rigidity, R = cp/q where c is the speed of light) exceeds a threshold defined by the local intensity of the field (see for example ref. [20] and references therein). Due to the high cut-off rigidity in the orbits selected for LOFT, ∼ 10 GV, the integral flux of neutrons with energy between 1 and 10 MeV is similar to the proton flux but the neutron hardness factor is ∼ 30 times smaller (at 1 MeV) to ∼ 3 times smaller (at 10 MeV), as shown in figure 2. At higher energy the neutron flux rapidly decays, thus the contribution to the displacement damage is even smaller. For these reasons, we focus on the evaluation of the displacement damage from protons, neglecting the other types of particles.
Damage annealing
The experimental data reported in this article were measured at a temperature for which the annealing is relevant. The leakage current component produced by the displacement damage is changed by the thermal redistribution of the damage centers in the crystal. The effect of this phenomenon can be accounted for by introducing a temporal dependence of the current related damage rate α in eq. (2.1) and eq. (2.3). A suitable model for our purpose is reported in ref. [15] ,
whose parameters depend on the annealing temperature. For example, at room temperature (21 • C) the values are α 0 = 1.23 × 10 −17 A cm −1 , α 1 = 7.07 × 10 −17 A cm −1 , α 2 = 3.29 × 10 −18 A cm −1 , τ 1 = 1.4 × 10 4 min, and τ 2 = 1 min [15] . Similarly to the increase in leakage current, a universal annealing after the irradiation is observed, independent of the detector silicon material [14] .
Temperature dependence of the leakage current
The leakage current of a semiconductor is mainly due to the thermal generation of electron-hole pairs inside the depleted silicon bulk and has an exponential dependence on temperature [10] ,
where T is the absolute temperature, E g is the band gap (1.12 eV for silicon) and k B is the Boltzmann constant. In the temperature ranges of interest for LOFT, eq. (2.5) gives a reduction of the leakage current of a factor of 2 approximately every 7 • C decrease in temperature. The leakage current produced by the displacement damage has the same behaviour with temperature as the intrinsic leakage current of the non-irradiated devices, as shown for example in ref. [21, 22] , because it is originated by the same process, i.e. the thermal generation.
The LOFT context 3.1 Characteristics of the LOFT SDDs
The SDDs designed for LOFT are one-dimensional detectors subdivided into two electrically independent halves, each one with a set of collecting anodes at the edge [8] . The charge cloud produced after the interaction of an X-ray is transported toward the anodes by means of a constant electric field, sustained by a progressively decreasing negative voltage applied to a series of cathodes on the top and bottom faces of the detector, down to the anodes at ∼ 0 V. The operative principle of an SDD is described in detail in ref. [2, 5] , where figures of the charge drift mechanism and the distribution of the drift potential are shown. In LOFT the detector thickness is 450 µm and the drift region has a length of 3.5 cm. The LAD is a collimated instrument without imaging capabilities and the SDDs of this instrument have a geometric surface of 12.08 cm × 7.25 cm, a sensitive area of 10.85 cm × 7.00 cm, and an anode pitch of 970 µm. The sensor volume read-out by each anode is thus 1.53 × 10 −2 cm 3 .
Although the WFM is a one-dimensional coded aperture imager, as explained in ref. [23] the width of the charge cloud, produced by the interaction of a photon, is used as a rough estimate of the distance between the photon impact point and the collecting anode along the drift direction, orthogonal to the main coding direction. For this reason, the SDDs for the WFM have a pitch of 145 µm, to optimise the position resolution and the imaging performance at low energy. The geometric surface of the SDDs of the WFM is 7.74 cm × 7.25 cm, the sensitive area is 6.51 cm × 7.00 cm and the sensor volume read-out by an anode amounts to 2.28 × 10 −3 cm 3 .
The interested reader may find a detailed description of the SDDs for LOFT in ref. [24] .
Electronic noise
Discussing in detail all the noise contributions to the spectral resolution of the detection system is beyond the scope of this paper and the interested reader is referred, for example, to ref. [10] for a general discussion and ref. [11] for the specific application to the SDDs. The size of the charge cloud produced by the interaction of a photon in an SDD increases during the drift process [11, 23] . In particular, for the LAD anode pitch of 970 µm, on average ∼ 40 % of the detected photons are read out by one anode (single-anode events) and ∼ 60 % by two anodes (double-anode events). Situations in which the charge cloud is shared among three anodes are less than ∼ 1 %.
The scientific requirement for the LAD is that, at the end of the nominal mission duration (4.25 years) and for photons of 6 keV energy, FWHM ≤ 200 eV for the single-anode events and ≤ 240 eV on average (∼ 40 % of single-and ∼ 60 % of double-anode events). This is translated into a requirement on the electronic noise, represented by the Equivalent Noise Charge (ENC): σ ENC ≤ 17 e − root mean square (rms) for the single events. The corresponding requirement for the WFM is that, after 4.25 years in orbit, σ ENC ≤ 13 e − rms. This value corresponds on average to ∼ 300 eV FWHM for a photon of 6 keV.
Radiation environment
An additional contribution is represented by a low-energy and highly directional population of protons near the Geomagnetic Equator and at an altitude between 500 km and 1000 km [25] . Here we limit our study to the radiation damage from the trapped proton component, while the radiation damage from low-energy protons will be the topic of a forthcoming article.
In order to evaluate the increase in leakage current in orbit from eq. (2.3), we estimate the fluence of trapped protons with the publicly available and web-based SPENVIS software package 6 [26, 27, 28] . In the estimation we adopt the AP8 model of trapped proton fluxes, developed at the NSSDC of the NASA/GSFC, considered as a standard by ESA [29] and used for example to evaluate the radiation environment of NASA satellites in both low-Earth orbit (e.g. Swift [30] and Hubble Space Telescope [31] ) and high altitude orbit (e.g. Chandra [32] ). From the literature, the AP8 model is known to be accurate within a factor of ∼ 3, as reported for example in ref. [33, 34] .
SPENVIS includes the flux of trapped protons (AP8 model) and electrons (AE8 model) in both Solar minimum and maximum conditions. The proton flux during a Solar minimum (AP8-MIN) is generally higher than in a Solar maximum (AP8-MAX). For example, for an orbit at 600 km altitude and 5 • inclination, the integral flux of AP8-MIN at 1 MeV is ∼ 7 times higher than AP8-MAX, and ∼ 6 times higher at 10 MeV. For this reason, in our simulation we use AP8-MIN as a worst case.
In the orbits with the lowest expected fluence, AP8 is highly sensitive to small variations of the altitude and inclination. In addition, the flux of AP8-MIN is formally zero at 550 km and 0 • . For these reasons, for the altitude of 550 km we adopt as a worst case the value of the fluence estimated at 3.5 • inclination. From a direct comparison, the flux measured by the Standard Radiation Environment Monitor aboard the Proba-1 satellite [35] at 550 km and 0 • is ∼ 11 times higher than the proton flux predicted by AP8-MIN for an orbit at 550 km and 2 • . To be conservative we applied a further margin of a factor of 2 to take into account the possible uncertainties in the models, and we used a total margin of 20 times the fluence to calculate the increase of leakage current of LOFT.
Specifically for the calculation of the NIEL, the contribution of trapped protons may be evaluated in SPENVIS as the equivalent fluence at a single energy, selected by the user, transported through different values of the shielding thickness in aluminum (assumed as spherically symmetric). In our estimation we adopt for the protons the energy default value of 10 MeV, for which κ(E) in eq. (2.3) is 4.8, specifically calculated in ref. [13] for a silicon detector of 450 µm thickness, the same value of the LOFT SDDs. The shielding materials around the SDDs of the LAD are described in ref. [36] and are on average equivalent to 3.3 mm of aluminum.
In this article we restrict our analysis of the LOFT proton environment to the baseline orbit selected during the industrial studies, with an altitude of 550 km and an inclination of 0 • , and the more "unfavourable" orbit at 600 km and 5 • . For the two orbits and the assumptions above, the expected proton fluence for the LAD, including the margin of a factor of 20, is 3 × 10 6 cm −2 at 550 km altitude (equivalent to 1.4 × 10 7 cm −2 of 1 MeV neutrons) and ≤ 3.5 • inclination, and 1.8 × 10 9 cm −2 at 600 km and 5 • (i.e. 8.6 × 10 9 cm −2 of 1 MeV neutrons). In this region of orbital parameters there is a steep radial dependence to the proton fluence. For example, from 550 km altitude and ≤ 3.5 • inclination to 600 km altitude and 5 • , the equivalent fluence of 10 MeV protons increases of 600 times. The data presented here are for a mission duration of 4.25 years, assuming a reference start on 1 Jan 2023.
We estimated with the SHIELDOSE-2 package of SPENVIS the TID for the LAD instrument, assuming as a worst case the orbit with 600 km altitude and 5 • inclination. Including the margin of a factor of 20 on the proton fluence from AP8-MIN, we obtain a TID ≤ 2 krad(Si). Considering the relevant conversion factor (1 rad(Si) = 0.58 rad(SiO 2 ) from ref. [37] ), this translates into ≤ 1.16 krad(SiO 2 ). The effects produced by the TID on the SDDs are an increase of both the trapped charge in the silicon oxide layer and the interface traps (see e.g. ref. [38] ). While the first effect is beneficial, since it entails an increase in the punch-through voltage between the drift cathodes, the second may determine an increase of leakage current due to surface generation.
Experimental set-up and strategy
We measured the increase in SDDs leakage current produced by the displacement damage in a campaign at the accelerator of the Proton Irradiation Facility (PIF) in the Paul Scherrer Institute 7 (PSI) in Villigen (Switzerland). In the campaign we irradiated two SDDs produced during the LOFT Assessment Phase: one detector of the XDXL1 production and one of the XDXL2 batch. The XDXL1 SDD has been irradiated in order to study the variation of the Charge Collection Efficiency (CCE) produced by the displacement damage, which simultaneously increased the leakage current. Here we only report the measurement of the increase in the device bulk current, while the variation of the CCE will be the topic of a forthcoming article.
Characteristics of the SDDs under test
The XDXL1 and XDXL2 prototype detectors have the same thickness (450 µm) and drift length (3.5 cm) of the SDDs for LOFT and a geometric area of 5.52 cm (in the anode direction) × 7.25 cm (in the drift direction). Both sensors have been produced with two different values for the anode pitch, to resemble the two LOFT instruments. The SDD side with the largest pitch is then called "LAD half", the other one "WFM half". For the XDXL1 sensor the pitch values are 835 µm (LAD half) and 294 µm (WFM half). For the XDXL2 detector the pitch is 967 µm for the LAD half and 147 µm for the WFM half, representative of the values for LOFT. A summary of the relevant features of the irradiated detectors is listed in table 2, as compared to the ones of the LAD and WFM. More details about the development of the different models of SDDs for LOFT are reported in ref. [24] . 
Experimental set-up at the Proton Irradiation Facility
The PIF was constructed for testing of spacecraft components under a contract between ESA and PSI. We irradiated our detectors at the low energy site of the facility, which can provide proton beams with a maximum flux of ∼ 5 × 10 8 cm −2 s −1 and an energy ranging in quasi-continuous mode between ∼ 6 and ∼ 63 MeV using degrader foils. More information on the facility is reported in ref. [39] . The proton spectrum was centered at 11.2 MeV, the value available at the facility nearest to the energy used in SPENVIS (10 MeV), and the FWHM was ∼ 6 MeV.
The irradiation was performed in air and at room temperature (about 25 • C). A sample holder fixed on a movable table, which could be displaced in horizontal, vertical and longitudinal directions, was available at the facility. We specifically designed and produced sample holders to fix the device under test to the movable table. A laser cross-hair system was used as a reference to align the movable table with the geometrical center of the proton beam. A picture of the experimental set-up during the irradiation of the XDXL2 detector is shown in figure 3 .
Since we were interested only in the NIEL effects, the SDDs were not biased during the irradiation. The beam was kept normally incident to the detectors. The XDXL2 detector was irradiated without any shielding. The XDXL1 SDD was mounted on a Printed Circuit Board (PCB) with discrete components used as FEE and power distribution. In order to irradiate only the SDD and not the other electronic components, the PCB was shielded with an aluminum layer of ∼ 3 mm thickness, able to stop all the protons in the beam, with a hole in the center to expose only the SDD.
During the irradiation the beam was defocussed in order to cover the whole surface of the device under test. The beam profile had a gaussian shape. Before the irradiation we measured, with a motorised and remotely controlled scintillation detector, the proton flux with a step of 1 cm along both the horizontal (x axis) and vertical (y axis) directions, for a length of 11 cm on each axis. For each step the fraction of the flux with respect to the maximum was provided. We reconstructed the map of the beam fraction on the surface of 11 cm × 11 cm by multiplying the fractions along x and y, as shown in figure 4 . We found that the proton flux was displaced from the beam line center, being peaked at x ≃ 2 cm and y ≃ 0 cm. The region around the maximum was also the region with the highest flux uniformity (see figure 4) . For these reasons, during the irradiation we put the geometric center of the LAD half at x ≃ 2 cm and y ≃ 0 cm, in order to exploit the region with the maximum flux and the highest uniformity.
Two sets of wire chambers, one upstream and the other downstream with respect to the degrader foils, were used to monitor the beam flux during the irradiation. The counting rate of the two chambers was recorded every second. The time variability of the flux represented an error on the determination of the fluence. For this purpose, we assumed as fluence uncertainty the ratio between the standard deviation and the average value of the counting rate measured by the downstream wire chamber, the nearest one to the device under test. With this method, in each irradiation the estimated uncertainty was 2.4 % of the total fluence.
Fluence for the XDXL2 detector
Since the detector leakage current was expected to be measured only about eight days after irradi- ation, when the residual damage due to the annealing at room temperature (21 • C) was predicted to be ∼ 41 % by eq. (2.4), we decided to expose it to a total fluence of 3.1 × 10 9 cm −2 , corresponding to about 150 years in orbit at 600 km altitude and 5 • inclination. This fluence value does not include the margin of 20. In this way the current increase at the time of the first measurement was equivalent to an exposure of the LAD detectors to ∼ 60 years in the radiation environment of such an orbit, allowing us to easily follow the subsequent damage annealing. In order to simplify the irradiation strategy, the whole fluence was provided in a single exposure. The flux during the irradiation was 3.7 × 10 6 cm −2 s −1 .
The average fraction of the beam flux on the surface of the LAD half of the XDXL2 SDD was 81.4 %, as highlighted by the dashed black box in figure 4 , and the average fluence was 2.5 × 10 9 cm −2 (equivalent to 1.2 × 10 10 cm −2 of 1 MeV neutrons). With this fluence, the silicon oxide of the SDD received a TID of ∼ 1.5 krad(SiO 2 ), higher than the value expected for the SDDs in orbit (including margin).
Fluence for the XDXL1 detector
The XDXL1 SDD was irradiated to measure the variation of the CCE, whose annealing is slower than that of the leakage current [40] . For this reason we did not compensate for the annealing between the end of the irradiation and the measurements. With all these considerations, the fluence selected for the XDXL1 detector was 8.9 × 10 8 cm −2 , equivalent to 4.3 × 10 9 cm −2 of 1 MeV neutrons and corresponding to ten times the value expected for 4.25 years in orbit at 600 km altitude and 5 • inclination (before the correction of the beam uniformity on the detector surface and without the margin of a factor of 20). The flux during the irradiation was half of the value used for the XDXL2 detector, 1.8 × 10 6 cm −2 s −1 . Again we provided the whole fluence in a single exposure.
Eight contiguous anodes on the LAD half of the XDXL1 SDD are equipped with FEE based on discrete components. The contour of these anodes is highlighted by the black dotted box in figure 4. On these anodes the average fraction of the beam flux is 88.8 % of the maximum.
Irradiation results

Increment of leakage current after the irradiation
The first measurement of the anode leakage current of the XDXL2 SDD was performed at the laboratory of INFN Trieste using a dedicated probe station ∼ 6.3 days after the irradiation, following the method described in ref. [41] . The average measured increase in the leakage current was 9.2 nA/anode at 20 • C, as shown in figure 5 . In the figure a clear profile of the measured increment values along the anodes is shown, maximum in the center and higher on the left side than on the right one. The trend mimics the variation of the beam fraction in the vertical direction in figure 4 , which is maximum at the center of the LAD half and higher in the bottom part than in the top one.
Assuming the annealing at a constant temperature of 21 • C, ∼ 6.3 days after the irradiation the residual damage is 42.5 % of the initial value. Applying eq. (2.4) to the irradiated fluence, and correcting for the non uniformity of the beam (on average 81.4 % of the peak value), the expected increase of the leakage current at that time is 8.7 nA/anode. The difference between the measured and estimated value at the same time and temperature is thus 6 %, and can be explained with the uncertainty on the estimation of the annealing from eq. (2.4) and the reconstruction of the average beam uniformity on the LAD half.
The value of the leakage current measured at the anodes after the irradiation includes the contribution of both the displacement damage and TID. Since we showed above that the measured increase is within 6 % from the value estimated considering only the displacement damage, we conclude that the increment due to the TID is negligible, as expected.
Damage annealing
We repeated the measurement of the anode leakage current of the XDXL2 SDD with the probe station for a time interval between ∼ 6.3 days and ∼ 70.9 days after the irradiation, in order to study the damage annealing. In figure 6 we show the ratio between the measured current increment and the expected value as a function of time after the end of the irradiation. In the time interval of the measurements, the ratio between the measured and expected increment of current ranges between 1.05 and 1.08. The uncertainty on the ratio in figure 6 is dominated by the error on the fluence (2.4 % estimated from the beam variability), since the error on the measured current (0.8 %, based on the specification of the picoammeter [41] ) is negligible. 
Variation of the leakage current with temperature after the irradiation
Only a subset of eight anodes of the XDXL1 SDD is read-out by a FEE, based on discrete components. Each of these anodes is individually connected to a low gate capacitance SF-51 JFET (with capacitance of 0.4 pF) used as the input transistor of an Amptek A250F-NF charge sensitive amplifier. The feedback capacitor of 50 fF and a reset transistor are both integrated on the JFET die, leading to a reduction in the input stray capacitance and improvement in noise performance. A detailed description of the FEE circuit is reported in ref. [11] .
The output ramps of all preamplifiers are compared with a high voltage threshold and the first comparator that fires (i.e. the one connected to the leakiest anode) starts the reset phase: all feedback capacitors are discharged to a lower voltage by activating a feedback loop built around the reset transistor. The period of the reset signal can be used to monitor the largest of the leakage currents of the eight connected anodes, following the formula [11] 
where I is the current (in pA/anode), C f is the feedback capacitance (50 fF), ∆V is the reset voltage (1.74 V), and T reset is the period of the reset signal (in ms).
Before the irradiation, we measured the variation with temperature of the intrinsic leakage current of the XDXL1 SDD using the formula in eq. (5.1). The superposition of the current values before and after the irradiation is plotted in figure 7 . From the fit with the function in eq. (2.5), in which the only free parameter is the normalisation I 0 , we obtain I 0 = (6.0 ± 0.6) × 10 8 pA K −2 cm −3 (blue curve in figure 7 ), corresponding to a leakage current of 0.2 nA/anode at 20 • C before the irradiation.
After the irradiation, we measured again the leakage current as a function of temperature with the same method as before. The fit with eq. (2.5) yields I 0 = (9.7 ± 0.3) × 10 9 pA K −2 cm −3 (red curve in figure 7 ) and the leakage current is 2.6 nA/anode. By subtracting the value before the irradiation we obtain a current increase of 2.4 nA/anode.
As shown in the map in Figure 4 , the average fraction of the beam on the surface covered by the anodes connected to the FEE is 88.8 % of the maximum. We measured the leakage current ∼ 5 days after the end of the irradiation, when the residual damage was 44 % of the original one. Applying eq. (2.3) using the current related damage rate given by eq. (2.4), the actual fluence and the κ factor of 4.8 [13] , the expected increment of the bulk leakage current is 2.4 nA/anode at 20 • C, in remarkable agreement with the measured value.
Summary and conclusions
At the PIF facility of the PSI accelerator in Villigen (Switzerland) we irradiated, with a proton beam centered at 11.2 MeV, an SDD of the XDXL1 batch and one of the XDXL2 production. The average intensity of the beam on the surface of the device under test was 88.8 % for XDXL1 and 81.4 % for XDXL2. The uncertainty on the proton fluence during the irradiation is 2.4 %, resulting from the measured beam variability.
For both SDDs the proton fluence during the irradiation was more than an order of magnitude higher than the value estimated with SPENVIS for a mission of 4.25 years at the worst case scenario orbit of 600 km altitude and 5 • inclination, more severe than the baseline orbit for LOFT (550 km and 0 • ). For the provided fluence values, we estimated the increase of the SDDs leakage current basing on the NIEL approximation, using the damage parameter measured in ref. [13] at −50 • C for a detector of the same thickness as our SDDs (450 µm), and the annealing model reported in ref. [15] .
Measuring the bulk leakage current following the method in ref. [41] , we obtain on the XDXL2 detector an agreement within 6 % of the measured and predicted increase. The value of the leakage current measured after the irradiation includes the contribution of both the displacement damage and TID. Considering the beam fraction on the SDD surface, during the irradiation the TID received by the oxide layer is ∼ 1.5 krad(SiO 2 ), higher than the value expected for the LAD in orbit, including a margin of a factor of 20 on the fluence. Since the measured increase in leakage current is within 6 % from the value estimated considering only the displacement damage, we conclude that the increment due to the TID is negligible. On the same detector we also find that, as expected, the annealing of the displacement damage after the irradiation follows the model in ref. [15] . We verified on the XDXL1 SDD that the leakage current after the irradiation follows the same trend in temperature as the intrinsic leakage current, before the irradiation. This is in agreement with the results published in ref. [21, 22] .
We have shown in eq. (2.5) how the leakage current is sensitive to the temperature. For this reason, the mitigation strategy against the displacement damage of LOFT in orbit is the decrease of the instrumentation temperature. Since the system weight and power required to decrease the LAD temperature with an active system (e.g. based on Peltier modules) would have been prohibitive due to the large detector surface, we instead selected a passive thermal control, based on the irradiation from dedicated aluminum radiators on the bottom face of the LAD panels. A similar system of radiators is employed on the WFM [4] . Assuming in our calculations a mission duration of 4.25 years, the LAD scientific requirement of a spectral resolution better than 200 eV on single-anode events (corresponding to an electronic noise σ ENC ≤ 17 e − rms) can be fulfilled at end of life with an operative temperature ranging from −10 • C for the orbit at 550 km altitude and inclination below 3.5 • down to −52 • C for an altitude of 600 km and an inclination of 5 • . In this calculation we take into account both the soft (not reported here) and trapped proton components, the latter estimated using the worst case AP8-MIN model with a margin of a factor of 20. The industrial study during the LOFT Assessment Phase demonstrated that these operative temperatures can be reached with the passive thermal control system described above. In addition, at such temperature the annealing is negligible and cannot be exploited to reduce the leakage current.
